Traffic evacuation plays a critical role in saving lives in devastating disasters such as hurricanes, wildfires, floods, earthquakes, etc. An ability to evaluate evacuation plans in advance for these rare events, including identifying traffic flow bottlenecks, improving traffic management policies, and understanding the robustness of the traffic management policy are critical for emergency management. Given the rareness of such events and the corresponding lack of real data, traffic simulation provides a flexible and versatile approach for such scenarios, and furthermore allows dynamic interaction with the simulated evacuation. In this paper, we build a traffic simulation pipeline to explore the above problems, covering many aspects of evacuation, including map creation, demand generation, vehicle behavior, bottleneck identification, traffic management policy improvement, and results analysis. We apply the pipeline to two case studies in California. The first is Paradise, which was destroyed by a large wildfire in 2018 and experienced catastrophic traffic jams during the evacuation. The second is Mill Valley, which has high risk of wildfire and potential traffic issues since the city is situated in a narrow valley. to evacuate the area?", "where is the bottleneck of the network during the evacuation?", "is there a better solution?", and "is there a flexible platform to test all kinds of evacuation plans?". Our work explores the answers for these questions by building a platform and a pipeline for the evacuation simulation, and by presenting two case studies of whole city evacuation of Paradise and Mill Valley, two cities located in wildfire-prone regions in California, using microscopic traffic simulation.
Introduction
Evacuation in urban areas plays a key role in protecting and saving lives during natural disasters and hazards, such as wildfire, hurricanes, bomb threats, etc. Insufficient evacuation route throughput leads to traffic jams and gridlock, traps vehicles on roads, and leaves residents in danger during emergencies. In the 2018 Camp Fire in Paradise, California, many drivers had to abandon their cars and flee on foot while surrounded by fire [1] . Similar problems were also seen for hurricanes [2, 3] , bomb threats [4] , tsunamis [5] , and earthquakes [6] . It is critical to analyze evacuation plans and to propose efficient operational strategies before tragedy strikes. Several fundamental questions must be addressed, such as "how long does it take The vehicle's speed is computed using a car-following model. The current integrated algorithm is introduced by [23] . In addition, SUMO incorporates lane changing behaviors. The details of the algorithm can be found in [24] . The SUMO suite also provides tools for processing and generating maps and traffic routing.
Maps
We obtain open source maps from OpenStreetMap [25] . The maps represent physical features using tags in XML files. The map can be queried using ranges of latitude and longitude. A tag in the XML file can be a node, an edge (road), a relation, or an associated geographic attribute. A curvy road is approximated using a sequence of line segments. The roads intersect at nodes, and the relation describes the connections of edges or lanes. The OpenStreetMap maps need to be converted to SUMO-specific XMLrepresentations using netconvert [26] . The netconvert tool also accepts other popular map types such as VISUM, Vissim, or MATSim. The SUMO XML representation is composed of five elements, including nodes, edges, (optional) edge types, connections, and (fixed) traffic light plans. However, the maps may sometimes have flaws, including incorrect (1) lane connections from freeway ramps to the main travel lanes, (2) stop sign assignments, (3) road intersections with footpaths, (4) number of lanes, (5) road types, priority or speed limit, and (6) traffic lights. These problems are rare, but can be found by visual inspection, simulation, or comparison with mapping software such as Google Maps Street View. A practical heuristic strategy for verifying maps is to examine them from a large scale to a small scale. For example, we first inspect arterial roads by highlighting them in netedit. The netedit tool is a visual network editor included with the SUMO suite. It can be used to create or to modify road networks. With a powerful highlighting and selection interface, it can easily be used to debug network attributes. Residential roads and local roads can be verified subsequently. This step makes sure the roads are of the correct type, priority and other attributes.
Next, we inspect details such as connections of roads and lanes. Issues are less obviously detected by simple highlighting, so we use injected random or specified traffic flow into the network to examine the functions of the connections. Wrong connections, road types, numbers of lanes, traffic lights, or stop signs usually cause blockages or significant slowing, so it is still easy to find issues using the graphical tool sumo-gui or an offline speed map generated by the simulation. Another way to check connections is to plot the shortest paths between several selected roads.
Vehicles
As SUMO is a microscopic traffic simulator, each vehicle is modeled explicitly. The attributes of a vehicle include a unique identifier, departure time, departure position, departure speed, destination, and a route for the trip. A full list of physical parameters is in [27] . The settings follow the study of [23] . The car following model is also based on the work of Krauss [23] . In brief, this model lets vehicles drive as fast as they can without violating safety constraints. The model avoids collision (is collision-free) if the leader starts braking within the maximum deceleration window. In real world, driving speed usually varies within traffic flow.
In SUMO, this is modeled by a distribution of speeds parameterized by a mean and standard deviation.
The mean speed is set to the lane speed limit (if there is no car in front), and the deviation is set to 0.1 multiplied by the mean value. We justify our uniform vehicle assumption by noting that the majority of both cities in our case studies is residential, and so we assume that types of vehicles such as large trucks or buses constitute a small portion of all vehicles.
Demands
After creating a network and configuring the vehicles, SUMO needs demands files to generate traffic flows. A trip for each individual vehicle needs a starting location, departure time, a destination, and a path. The routing methods will be introduced in the following paragraph. SUMO ingests a demands file prior to running a simulation. The demands file can specify either the trip of individual vehicles or a traffic flow with the same origin-destination pairs [28] . It can also specify a deterministic path or simply an origindestination pair with dynamic rerouting [29] . As for the temporal distribution of the demands for evacuation events, we follow the model from many previous works [12, 30] , which agrees with empirical observations during hurricane evacuations [31, 32] . The cumulative evacuation vehicles follows an S-curve. There is a delay between the onset of the event and the peak of the traffic flow due to the latency of the evacuation notification. There are relative smaller traffic flows before and after the peak. If the alert is sent out with a short-notice, it will trigger sharper demands with a steeper S-curve. On the other hand, if the alert does not reach the full targeted population at the same time, or there is no centralized alert at all, the demands will be distributed over a larger time range with a flatter S-curve. In addition to the timing of the vehicle generation, the simulation also needs to know where and how many vehicles need to be created, and where they will go. In the evacuation case, the origins of the vehicles can be anywhere in a city, including residential and commercial areas. The destinations are usually limited, such as freeway or arterial road exits of the city [12] . Some scenarios may also consider shelters [33] . If the affected area is small, vehicle trips only need to avoid the danger area, and can still preserve their original destinations [34] . Usually a city has multiple exits, and taking any one of them is equivalent from a safety perspective. Instead of fixing a destination road for each vehicle, the simulation allows grouping several roads into a traffic analysis zone (TAZ) as the destination. If the destination is set as a TAZ, the automatic routing algorithm will chose the closest road among the TAZ [35] . Details for the spatial and temporal distributions of the demands in our case studies will be discussed in the next section. 5
Routing methods
The route of a trip in SUMO is composed of a complete sequence of adjacent roads between the origin and the destination. The simulator allows adding more details about the departure and arrival properties, such as the lanes, the velocity, or the position on an edge. To be more realistic, the route can also be determined dynamically according to the traffic situation using automatic rerouting [35] . This method equips all or part of the vehicles with the ability to update their optimal paths periodically. It considers the current and recent state of traffic in the network and thus adjusts the plan to traffic jams and other changes in the road network. If the automatic rerouting function is enabled for a vehicle, the average travel times are computed for the roads in the network. The vehicle will choose the fastest path to its destination according to the roads' mean travel speeds. A road's mean travel speed or travel time is updated periodically by using not just the most recent record, but instead an average of the past few records. In this way, the routing method can avoid shortsighted plans and be more consistent. Periodically updating the network status and planning is a heuristic way to approximate the global dynamic users' equilibrium. However, [36, 37] criticize the use of user equilibrium for evacuations as it is difficult for the evacuees to learn traffic conditions in rare events and traffic rules can differ from their usual state. In our case studies, the road networks are tree-like graphs, so path planning is less undetermined. Although SUMO can simulate the drivers' behavior relatively close to reality, there are still some limitations on mimicking flexible movements. For example, if two cars from different directions are both trying to make left turns at the same intersection, the vehicles might get stuck. To avoid deadlocks, teleporting is used [38] . In the case that vehicles at the first position in front of an intersection have waited longer than 300 seconds (or an alterante chosen threshold), the vehicle is assumed to be in gridlock and is teleported. A teleported vehicle is temporarily taken away from the network, and then virtually moved forward along its route. It is inserted into the network as soon as this becomes physically possible.
Network disturbance
The condition of the road network can be disturbed by disasters such as floods, hurricanes, and wildfires.
We are interested in exploring the consequences of disaster-induced road blockages, especially that of arterial roads during evacuation, through simulation. SUMO allows a certain road to be blocked dynamically during a specific time period [39] . This can be used to evaluate the robustness of the traffic management policy.
If a vehicle has a deterministic, fixed routing path to the blocked exit, it will get stuck on the road in the simulation. If the vehicle is equipped with automatic rerouting, and there is a path to another exit when the previous exit is blocked, it will change its path.
Simulation outputs and data analysis
SUMO records the positions of all vehicles every second through the simulation. The time step can be smaller, but to balance the trade-off between accuracy and computation, we choose to use one second as the time step size. The output data is summarized in different forms. Floating car data (FCD) files 6 export locations and speeds along with other attributes for every vehicle at every time step [40] . The FCD file can be used to trace the trajectories of the vehicles along with the traffic conditions. The FCD can be thought as records from high-accuracy and high-frequency GPS devices on vehicles. A speed map is created by averaging the speeds of the passing vehicles every half hour for each road. This can be used to understand the dynamics of the evacuation and to identify bottlenecks where the speed is particularly slow.
As the simulation is recorded in detail for every vehicle, the FCD file size is quite large, on the order of several GB. The summary file contains high-level information at a coarser granularity. It has the complete simulation-wide number of vehicles that have been loaded, inserted, are running, and have finished. The cumulative counts or percentages of finished vehicle trips can be used to describe the evacuation process and to measure the evacuation efficacy. Other types of the output files can be used as supplementary data.
Induction loop detectors can be embedded within a given lane of a road. They count the number of vehicles that pass over them and the mean velocity of all counted vehicles. The detectors monitor the traffic at a fixed location, rather than the trajectories of individual vehicles. The evacuation efficacy is quantified as the gap area between the cumulative curve of the demands and that of the number of evacuated vehicles in time. It is calculated as the difference between the areas under the curve. The gap area can be understood as the average trip time. If it is extended as the integral along the percentage axis,
where percentage i is the percentage value at interval i, the function f demands or f finished is the inverse function of the cumulative function. The difference f demands (percentage i ) − f finished (percentage i ) represents the time gap between the demands curve and the evacuation at percentage i .
Simulation case studies
We present case studies about full-scale traffic evacuation of the whole city under destructive, lifethreatening emergencies, such as a wildfire or hurricane. Regional evacuation in small areas is not the main focus of this work. In order to analyze scenarios with short-notice or no-notice evacuations, we create a sequence of demands with more or less concentrated temporal distributions. We aim to predict the evacuation time duration to completion, identify the bottlenecks, and ascertain the reasons for observed traffic congestion. If the current traffic management policy cannot handle the evacuation efficiently, we seek This fire was known as the deadliest and most destructive wildfire in California history [41] . It was the worlds costliest single natural disaster in 2018, which caused 86 fatalities, the loss of 13,900 homes [15] , and overall losses of 16.5 billion US dollars [42] , destroying the majority of the city. During the evacuation, large outbound traffic flows led to intersections being quickly jammed, trapping and endangering hundreds of residents in the city. It was reported that some residents tried to flee on foot and abandoned their cars as the they were stalled in traffic jams [43] . The fire started seven miles to the east of the city, and expanded quickly to the Pentz Road, the arterial road on east side of the city [15] (also see Figure 1 (a)). Before the disaster, the city officials did not know precisely how much time was needed to evacuate the city [15] . For Microscopic traffic simulation provides an opportunity to study the evacuation by examining many aspects, including maps, demands, routing, traffic management policy and the robustness of the evacuation plan. Usually the detailed historical data for traffic evacuation are not available, especially for the rare events. Instead of making very narrow and specific assumptions, we perform simulations across a broad range of scenarios. By pursuing a risk-based approach to simulation, the distribution of outcomes provides coverage of a range of realistic scenarios, for example, from no-notice to short notice, from larger to smaller flows of traffic, or from worse routing strategies to closer to optimal ones. The details and the rationale are given as follows. The techniques about these aspects are discussed in section 2. We summarize the scenarios in Generally speaking, traffic demands for evacuations must take into account spatial and temporal aspects.
Demands
All generated vehicles are forced to leave the city via the exit roads. This work studies stimulation of large scale evacuation under devastating disasters, so localized evacuation of small regions and shelter-inplace plans are not considered. In catastrophic situations, shelters are not available or they cannot provide sufficient protection against the disasters, and evacuation is the only option [16] . Especially for Paradise and Mill Valley with dense residential areas and proximity to wildlands, regional evacuation may not be a safe plan in the presence of widespread fires. Even though cities may have fire prevention plans to control wildfire spread, they may not be sufficient in high-wind situations [45] . We take the worst cases, i.e. the evacuation of the whole population, into consideration. Our model assumes the origin positions of vehicles are distributed uniformly along residential roads, and that their temporal distribution follows a bell-shaped curve as introduced in section 2.4.
For the spatial distributions of demands, after examining the Google Maps satellite imagery of both Paradise and Mill Valley, we find that the majority consists of residential areas with single-family houses.
The houses are located on both sides of the residential roads with roughly equal spacing. There are also a few large parking areas near grocery stores, churches, and other community facilities. All the vehicles are set to start in residential roads or service roads, not in arterial roads or freeways. According to Data Thus we can determine the average vehicle density, which is the number of vehicles per unit length of road.
We assume the vehicle density in parking ares is larger than that of the residential roads, the ratio is set as four. There are roughly four cars within a house-size road in the satellite images. It is hard to estimate this ratio, so we choose the number arbitrarily. We test with different ratios, they do not affect the conclusions.
In Paradise, the vehicle density for residential roads is 0.0417 vehicles/meter and for service roads is 0.1668 vehicles/meter. In Mill Valley, the vehicle density for residential roads is 0.0270 vehicles/meter and for service roads is 0.1080 vehicles/meter. The roads with length smaller than 24 m in Paradise and 37 m in Mill Valley are not included in the calculation, as the number of vehicles on the road is smaller than one using the above calculation. The total number of simulated vehicles is 23,635 for Paradise and 12,212 for Mill Valley. The exits of Paradise and Mill Valley are shown in Figure 1 . Those exit roads are grouped into a single TAZ for the purposes of automatic rerouting. In section 3.3, we introduce more efficient evacuation plans by reversing inbound roads. However, those plans still keep at least one entrance road open for rescuing school students, the elderly, persons with disabilities, and people who cannot drive. The exits are selected with the lightest burden so they will not obstruct the main efflux traffic stream. In Paradise, the Neal Rd.
is a branch of Skyway Rd. and it covers a relatively smaller area than others as illustrated in Figure 1 .
Similarly, the Shoreline Hwy. is kept as entrance for Mill Valley.
For the temporal distribution of the demands, we make use of the S-curve models commonly seen in the evacuation literature [12, 30] . The empirical observations also agree with the model [31, 32] . Thus we use a Gamma distribution for vehicles departure times as shown in Figure 2 . The exact ground truth of the evacuation timeline is not available, but there are still some clues from the news about the Paradise Camp
Fire supporting the proposed model [1] . The wildfire started 6:29 AM at Pulga, CA, seven miles away from Paradise. At 7:23 AM, the Butte County Sheriff tweeted an evacuation order for Pulga. At 8:03 AM, the Butte County Sheriff tweeted the first evacuation order for Paradise. At 9:17 AM, a full-scale evacuation order was issued, but by then the fire was already consuming the town. Heavy traffic lasted for hours after the order [1] . Thus the mean of the distribution, which is very close to the peak in the Gamma distribution, is set to three hours following the evacuation. Different cities may have different evacuation alert systems, and to obtain more general conclusions from the study, we are more interested in studying the gap times between the initial demand and the end of the evacuation. Instead of fixing the standard deviation of the demands, we set it in a wide-enough range to cover no-notice and short-notice cases. We propose a more advanced model in section 5 for more complicated spatially-and temporally-dependent demand models. In table 1, the column "Demands distribution" indicates the temporal distributions for different scenarios.
Next, we study whether reducing the number of vehicles can increase the evacuation efficacy. If this is an efficient solution, the residents should be encouraged to take carpools, footpaths, or other methods to reduce the total number of departing vehicles. For example, Mill Valley has many footpaths covering a large portion of hillside residential areas. We present the simulation with partial vehicle utilization ranging from 50% to 100%. In table 1, the column labeled "Portion of total vehicles" indicates the portions for different scenarios. Our work does not explicitly model the background traffic in the city area or along the exit roads.
Different portions of the total vehicles can include more or less background traffic within the city area. For the background traffic along the exit roads, as long as the efflux traffic is not blocked, it is reasonable to simplify the model. The case of exit roads themselves becoming bottlenecks due to external background traffic jams outside of the city jurisdiction is out of the scope of this paper. We discuss the traffic analysis with respect to external factors in section 5. We point out potential issues regarding persuading the public to reduce the number of cars by leaving their properties behind in section 5.
Routing
Modeling driver behavior is complex and challenging in general, as it includes many human or non- where drivers have no global information about the traffic, for example due to the failure of the cellular network, and they enforce a decision at the beginning of the simulation ignoring any external dynamic information. Since the residents already have good knowledge about their cities, the path is arranged for each driver using the shortest path to the closest exit road. The second strategy corresponds to a 13 better informed situation, where the drivers have some global traffic information with the update at a given frequency, and let the vehicles adjust to choose the fastest path rather than the shortest path. As present in Figure 1 , both Paradise and Mill Valley have tree-like or forest-like maps, and there are not a lot of paths from the source to the destination. Therefore, the dynamic routing plays a more important role in balancing traffic loads on different exits rather than choosing different paths to the same exit road. We assume the local residents are familiar with the positions of the exits, so the success of the evacuation is not heavily depend on the dynamic routing. However, if a city road network is more grid-like, dynamic routing becomes more important to reduce gridlocks and lane merging. We discuss routing management for grid-like roads in section 5. SUMO's automatic routing module provides such an ability to run the simulation with dynamic routing [35] . The average speed of all cars passing through a given road is calculated periodically on the order of several minutes so that the average traveling time of that road is acquired. Each vehicle calculates the fastest path to the destination road or destination TAZ every minutes using Dijkstra's algorithm [35] .
The weights of the road segments are the average travel time from the last five updates. In table 1, column "Routing" indicates the routing methods for different scenarios. We seek simple and consistent traffic management policies to fix the above issues, which require as little supervision as possible, so that they are less sensitive to power outages, driver behaviors, police supervision, public education, etc. Also, they should ideally not require additional construction and be implementable using existing infrastructure in order to be more practical and economical, to deploy immediately. Our new design of traffic management policies is demonstrated in Figure 3 .
Traffic management policy
The strategy for new traffic management policy is demonstrated in Figure 3 . work [17, 19, 21, 20, 16, 22] . We only change the policies on the arterial roads to make the new policy as simple as possible. The residential roads remain bidirectional as before to avoid confusion, and this choice can also help keep the network robust since if one arterial road is blocked, drivers can go back to take another exit.
For Paradise, the exits are the arterial roads Skyway Rd., Neal Rd., Clark Rd., and Pentz Rd. as shown in Figure 1 (a) and Figure 3 (c) . We make the following changes for the new traffic management policy. The modified crossroads are marked in Figure 3 (b).
1. All the inbound arterial roads are reversed except for Neal Rd., which is saved for emergency and rescue vehicles.
2. The intersections along Skyway Rd. are modified using the contraflow method. And the eastern-most lanes at the crossroads are blocked to admit the traffic flow from Bille Rd., Elliott Rd. and Pearson Rd.
3. The intersections along Clark Rd. are modified using the contraflow method, and the eastern-most lanes at the crossroads are blocked to admit the traffic flow from Bille Rd., Elliott Rd., and Pearson
Rd.
4. The intersections along Pentz Rd. are modified using the contraflow method, and the western-most lanes at the crossroads are blocked to admit the traffic flow from Bille Rd. and Pearson Rd.
We make change 1 to double the number of lanes for outbound direction. Change 2 is to let Skyway Rd.
better deal with the large incoming traffic from the east and north. Change 4 is for Pentz Rd. to better handle the heavy traffic from the west and the north. In change 3, the eastern-most lanes at the crossroads along Clark Rd. are blocked to handle large incoming traffic streams because the residential area between Clark Rd. and Pentz Rd. is larger than that between Clark Rd. and Skyway Rd.. Pearson Rd., Elliott Rd., and Bille Rd. are the only ways to get out, so they carry heavier traffic than the roads on the west side of the Clark Rd. If both the western-most lanes and eastern-most lanes are blocked alone the Clark Rd., they will bottleneck traffic, as four lanes merge into two lanes at the crossroads. The traffic between Clark Rd.
and Skyway Rd. is encouraged to take Skyway Rd. out, which is enlarged to four lanes after modification.
So we choose only to block the east lanes instead of the west lanes at the intersections along the Clark Rd.
A comparison between before and after the modification of the traffic management policy is presented in scenarios 1, 2, and 3 in Table 1 . The speed maps and evacuation performance comparison between scenarios 1, 2, and 3 are shown in section 4. Note that residential roads are not changed to keep the policy robust in the case that drivers need to turn back to other exits. Also, they are not bottlenecks when compared with arterial roads (see Figures 4 and 5) . As for whether to reserve one lane for incoming cars from the residential roads, we tune the policy manually according to empirical observations in sumo-gui and the speed map.
There are potential optimal methods to tune the contraflow analytically [16] , or via empirical trial-and-error [49] . However, they require information about the traffic flow and satisfying certain assumptions, which are either unknown before the simulation or too complicated for our case, given that the scenario includes only a few intersections.
For Mill Valley, the exits are the arterial roads E Blithedale Ave. and Miller Ave in the central area and Shoreline Hwy. in the south side of the city. It is critical to have a better design along the E Blithedale Ave.
as it is the only exit road of the majority part of the city. The new traffic management policies are shown in Figure 3 . We make the following changes for the new traffic management policy.
1. The inbound E Blithedale Ave. is reversed. Inbound road of Shoreline Hwy. is not changed as the rescue entrance.
2. The reversed path a of E Blithedale Ave. in Figure 3 Shoreline Hwy. covers a smaller residential area and carries less traffic than E Blithedale Ave., so that is the reason why it is chosen as the rescue entrance. Scenarios 8, 9, and 10 in Table 1 compare the evacuation efficiency between the new policy with the baseline scenarios. The speed maps and evacuation performance comparison between scenarios 8, 9 and 10 are shown in section 4. Similar to the case study of Paradise, we manually design and test the new policy since the network layout of Mill Valley is simple.
Robustness of the traffic management policy
One of the the most important lesson from the Camp Fire in Paradise is that we should never underestimate the immense potential of a small fire and its rapidly spreading speed. The fire already reached the town two hours after starting seven miles away, while the full-scale evacuation had not been announced yet [50, 1] . This weather-accelerated behavior brings challenges to evacuation planning. For example, exits can be closed by surrounding fires, fallen trees, abandoned vehicles, and other obstacles. It is important to take these risks into account for traffic management policy planning. In our simulation scenarios, we study the consequences of blocking the main exit roads. For Paradise, Pentz Rd. is blocked at different times (see scenario 7 in Table 1 ).
Unlike Paradise, which in principle has multiple exits, Mill Valley has only one road, E Blithedale Ave., as the exit for the northern part of the city. If this road is blocked during an evacuation, it may have serious consequence. In the new traffic management policy, we enlarge the capacity of E Blithedale Ave.
by arranging paths a, b, c shown in Figure 3 (d) . If one of the paths is blocked, the other two can act as backups. In scenario 14 in Table 1 , the main road (path b in Figure 3 (d) ) is blocked in order to test the robustness of the new design.
Results
Speed maps. The speed maps for scenarios 1, 3, 8, and 10 are presented in Figure 4 and table 1 ). The standard deviation of the demands distribution in both cases is 0.7 hours. During the interval from 2 to 2.5 hours, before the traffic peak (Figure 4 (a) ), most parts of the maps show good traffic conditions, except that a traffic jam emerges at the crossroad between Pentz Rd. and Pearson Rd. due to the stop sign. There are several small branches of roads along the arterial roads show slow traffic because of the low priority of those roads. In comparison, the traffic jam at Pentz Rd. and Pearson Rd. does not appear in the new policy scenario (see Figure 4 (b)).
The speed map still show traffic jam in small branches, since the new policy does not modify the traffic rules there. During the demands peak interval between 3 and 3.5 hours in scenario 1 (see Figure 4 (c)), the traffic jams expand to more residential areas. This is easier to see in the animation of simulation through The middle part of Skyway Rd. still has slow areas. The traffic along Clark Rd. and the upstream portion of Skyway Rd. has been cleared. The unbalanced traffic load between Clark Rd. and Pentz Rd. is caused by the deterministic routing method, with some drivers still choosing to take Pentz Rd. no matter how bad the traffic condition towards that direction is. The Pentz Rd. exit is the shortest path, but it is not the fastest one. In the real world, the divers in the residential area between Clark Rd. and Pentz Rd may choose a direction with a better condition, which can consequently balance the traffic. In scenario 3, the whole network is almost empty. It is worth noting that the traffic jam areas shown in scenario 1 roughly agree with the locations of fatalities and abandoned cars reported by [15] . The locations of the dead concentrate in the southern area between Clark Rd. and Pentz Rd. and a few are scattered along Pentz Rd. Many abandoned cars are in east Pearson Rd., south Pentz Rd., Elliott Rd. and north Skyway Rd. The traffic jam in simulation roughly agrees with the locations of the cars except for the north Skyway Rd. The intersection issues in scenario 1 were also reported by eyewitness [15] . Here we quote the report, "Broshears said he was surprised by how quickly intersections became a choke point. Traffic backed up on secondary roads so solidly that motorists were trapped on dead-end streets." Thus both simulation and the real case encourage us to improve the traffic evacuation problem by fixing the intersection as the highest priority. Our proposed policy shows promising results in tackling the problem. Figure 5 (a), one hour before the peak comes, the network is quiet. There are no obvious traffic jams on the roads, the same as scenario 10 in Figure 5 (b) . Then, it is not surprising to see that when the demands peak arrives during the interval between 2.5 and 3 hours, E Blithedale Ave. quickly gets clogged by 4 traffic lights in the last 0.7 miles to U.S. 101 exits, see Figure 5 (c). The traffic jam expands over all of E Blithedale Ave. and the connected secondary roads. It is mainly in the downtown area. The traffic jam also appears on Shoreline Hwy. As a comparison, the traffic condition in scenario 10 in Figure 5 (d) is better. The arterial roads (paths a, b, c in Figure 3 ) have relatively free flow conditions. But there are still few "red" branches on roads because they have low priorities and they need to give the right-of-way to the main stream on the arterial roads. The new policy does not modify Shoreline Hwy., and the traffic condition in the south side of the city is similar to scenario 1. Keeping the arterial roads clear is a main advantage of the new traffic management policy since it will not result in accumulation of traffic in the road network, and following cars will not get trapped. This can be revealed in the post-peak interval between 3.5 and 4 hours. In Figure 5 for the baseline scenarios is about 1 hour for the automatic routing method and 1.5 hours for the deterministic shortest path routing. The latency between the demands curve and evacuation curve is shorter at lower percentages and becomes longer at higher percentages. This is because the traffic jam is lighter at earlier stages and worse at later stages. As a comparison, the latency for the new scenario is about 0.36 hours at almost all percentages. The new policy is able to evacuate the vehicles at the same rate as the traffic generation rate. However, the baseline scenarios cannot accommodate the large volume of traffic, so more and more vehicles get stuck on the roads. This agrees with the speed map in Figure 4 . saturated cases, the evacuation efficiencies stay the same. So increasing the demands concentration will not help the evacuation but will cause more vehicles to enter and clog the roadways and potentially lead to more accidents. For less urgent evacuation, for example where it is feasible to generate demands modeled with a standard deviation larger than 0.7 hours, it is possible to implement part of the new policy to achieve the same performance. For more urgent evacuation which requires the standard deviation to be smaller than 0.4 hour, alerting all residents to leave in a very short time does not make the evacuation happen more quickly, but instead may cause mass panic and anxiety on the road. For Mill Valley, the gap areas are 0.10, 0.26, and 0.50 for demands standard deviations being 0.3, 0.5, and 1.0, and the results are similar to those of Paradise. New traffic management policy with different portion of evacuated vehicles. Figure 8 compares the evacuation efficiencies with different portions of evacuated vehicles for scenarios 5, 6, 12, and 13 in table 1. Figure 8 (a) shows the cases with high demands concentration, the standard deviation is 0.2 hours. The evacuation is saturated with 100% vehicles in this case as shown before in Figure 7 Robustness of the new traffic management policy. Finally, we evaluate the robustness of the new evacuation policy in part by disturbing the road network. Figure 9 presents the evaluation efficiency with the disturbance of the network for scenarios 7 and 14 in table 1. For Paradise, Pentz Rd. is blocked at different times, from the beginning the of the evacuation to five hours later. The gap areas are 0.25, 0.28, 0.30, 0.46, 0.44, 0.39, and 0.40 in the order of the legend in Figure 9 (a). If the road is blocked earlier, the network is limited with a reduced capacity for a longer period of time, and the gap area is larger and evacuation curve stays farther from the demands curve. Paradise has four exits, so blocking one of them for one segment of time does not influence the overall performance that much. If the road is blocked at the peak time (hour three) of the demands, more vehicles get stuck on the road and have difficulty in turning back to other exits.
For Mill Valley, path a in Figure 3 (d) is blocked at different times. The gap areas are 0.26, 0.32, 0.67, 0.47, 0.44, 0.41, and 0.41 in the order of the legend in Figure 9 (b). The conclusion is similar to that of Paradise. 
Discussion
Maps. OpenStreetMaps provides detailed maps about many cities around the world, which is suitable for most users. As for the correction of the details, we give a list of possible errors in section 2.2 according to our experience. However, the types of errors may not be limited to those. As for very large scale maps, verifying the map may be more involved. We suggest that users inject more specified and localized traffic flows to examine the road and lane connections, instead of approaching the problem at the full map scale, as the computational complexity of the simulation may hinder speed of evaluation.
Demands. The demands are modeled using spatial and temporal distributions. We assume the demands are uniformly distributed in the city based on the observation that the majority of both Paradise and Mill Valley consists of residential areas with relatively uniformly distributed single-family houses, and the vehicles on each road are generated independently. However, this assumption should be refined for other cities with significantly uneven distribution of population and vehicles. For the temporal distribution, since the exact ground truth of the evacuation demands is not available for historical evacuation events, and it is impossible to predict the demands for urban evacuation planning with so many uncertain factors partially listed in [48] , we have to compromise on the temporal accuracy. Instead, the demands models with parameters in a large range are presented, capturing the range of demands that could be experienced in a real event. The interaction between spatial and temporal distributions is simplified by assuming they are independent: in other words, when a vehicle is generated does not depend on where it is generated. The validity of this spatial and temporal independence assumption relies on the alert system of the city. If the residents in one area learn about the event significantly earlier than those in another area, for example if the residents are informed by police officers driving from one region to another, the assumption should be refined, a direction that we are actively pursuing in follow-up work.
Here we propose a more advanced model for the demands generation using spatial and temporal point processes. This model has been successfully applied in fields as diverse neuroscience [51, 52] , social networks [53] , seismology [54] , and finance [55] . It can used to fit the demands data if it is available, or to incorporate prior domain knowledge. Point processes describe stochastic discrete events, such as the generation of cars, on a continuous space, such as time line or a Cartesian plane. How likely a certain number of vehicles are generated is related to the underlying event rate function λ(t, s) of time t and spatial position s. The log-likelihood of generating data x 1 = (t 1 , s 1 ), ..., x n = (t n , s n ) in a time range and spatial range T × S is given below [56, chapter 7] ,
There are several special cases of the model above.
1. If the process is spatially homogeneous, then the function λ(t, s) is a constant of s, which can be simplified into λ(t). The the number of vehicles of the whole area S or a subarea is an inhomogeneous a Poisson process. For any two areas with the same size, the number of generated vehicles follows the same inhomogeneous Poisson process.
2. If the process is temporally homogeneous, then the function λ(t, s) is a constant of t, which can be simplified into λ(s). The the number of vehicles of the whole area S or a subarea is a homogeneous Poisson process.
3. If the process is both temporally and spatially homogeneous, then the function λ(t, s) is a constant of t and s, which can be simplified into λ. The the number of vehicles of the whole area S or a subarea is simply a Poisson process. For any two areas with the same size, the number of generated vehicles follows the same Poisson process. 4 . To simplify the model fitting and data generation, a map can be cut into blocks. Within each block, the process can be assumed to be a spatially homogeneous process. In this way, a continuous problem can be divided into a discrete problem. If the rate of generation is consistent in the time dimension, it can further be assumed to be a temporally homogeneous process. Thus fitting a whole area is equivalent to fitting several Poisson processes. 5. The model can be improved to be history dependent, i.e. generating a vehicle affects the generation rate in the future. Then λ(t, s) becomes λ(t, s|H t ). H t includes the data points x 1 , x 2 , ... up to time t.
For example, in a block A, if the process is spatially homogeneous, then the number of vehicles in the area only depends on time. If process is a time-dependent or a self-excited process, then the underlying function is,
with µ(t) representing the time-varying baseline. It is independent of historical events. The parameter ν describes how history events affect the event rate function λ at time t. In another word, the probability of observing an event at time t depends on the timing of history events. For example, if drivers call their neighbors when they leave, the probability of someone leaving depends on the departure of his or her neighbors. If the underlying probability also depends on other information of an event, we refer readers to marked point process for further reference. Since the underlying event rate function λ itself is stochastic, the process like the above equation is also called a doubly stochastic process. 
Similar to the last model, the underlying function λ for area B depends on the history of itself, besides that, it also depends on the events from other areas. It implies that whether a driver will leave a city depends on the status of other drivers in other regions. For example, if a driver a in area A has social connections with a driver b in area B, a may call b when he/she leaves.
These models can be fitted by maximizing the likelihood function. It can also be treated as a generative model to create demands for simulation study. This framework is flexible with great potential. We provide preliminary tools for data fitting and data generation 3 .
In some cities, the traffic flows are monitored by the induction loops, and so the demands can be reconstructed using the traffic flow at certain locations. We refer to [57] for more details.
When the traffic jam is extremely dense, the simulation can be less realistic because of the increasing probability of teleporting, which handles the dead-lock by temporarily removing the car and adding it back later. Usually, though, in real scenarios the drivers can coordinate with each other to handle this situation with more or less aggressive behavior. In our study we do not increase the demands temporal distribution concentration to a very high level if the network is already saturated.
Routing. As introduced in section 2.5, the dynamic routing is performed independently for individuals, and the shortest path is calculated for the sake of each driver. However, this may not be a globally optimal strategy. A classic example is the Braesss paradox with the "diamond" structure [58] , where every driver chooses the fastest road, but the whole network gets slower. The network can experience better throughput when certain links are removed, which requires less instead of more resources. In our case studies, the maps are almost tree-like or forest-like, so there are not many diamond structures. However, in grid street maps, reducing or blocking several inner edges can potentially help to improve the overall traffic performance and reduce traffic flow conflicts.
For scenarios 7 and 14 in table 1 with network disturbance, we apply dynamic routing to let some drivers change their original plans. In practice, letting drivers know the global information about the network on some level is critical, as they will not head to a dead-end road. Our results show that when the demands are highly concentrated and the network is saturated by the traffic flow, reducing the number of vehicles can improve the evacuation efficiency. We point out a caveat in implementation or public education. Figure 8 It is important for officials to make plans about when to change the normal traffic policy to an emergency evacuation policy. A late order becomes hard to execute, and have severe consequences [15] . This may also involve estimation about whether the fire will extend to the urban area and how fast the fire moves. Fire dynamics and simulation is outside of the scope of this paper.
We build new traffic management policies on existing transportation infrastructure. Adding new roads, bridges or extra lanes could also be an option for city evacuation plans, especially to handle bottlenecks.
For example, in Mill Valley, even though contraflow measures and traffic detours significantly increase the capacity of the network, E Blithedale Ave. still remains the problem. It is expected that further improvement can be had by widening the road. Given lack of knowledge of budgetary, construction, or fiscal constraints, we do not include the analysis for these options. Our simulation pipeline can nonetheless serve as a guidance for such plans.
We design, test, and tune the new traffic management policies by manually changing the rules. It works well for cities like Paradise and Mill Valley. If the region of interest is much larger than these cities and the networks are more complicated, it will become impractical to do these by hand. Programmatic tools need to be developed for such broader applications. On the other hand, the policy design or analysis depends on case studies. We do not expect to apply the same strategy for every city. So programmatic tools can help with the work but not remove the need for careful calibration.
Robustness of the policies. We partially evaluate the robustness of the new evacuation traffic management policies by blocking one of the arterial roads in Paradise, and one arterial road in Mill Valley. A more thorough study can be done to evaluate the consequences of the network disturbance by blocking all possible arterial roads at different positions. These studies in turn add more constraints to the design of the traffic management policies. We will address this in future work.
Communication system. One challenge for the whole city evacuation is the alarm system. Paradise had advertised its warning system which can promote pack and go preparations, and had included fire precautions into public construction project building codes. However, in practice, the warning system failed to reach more than a third of even the minority who enrolled [1] . In principle, alarm systems can also potentially be used to inform about fire and traffic conditions, so an evacuation can be more organized.
External factors. In section 3.2, we assume there is no background traffic on exit roads. This assumption is valid as long as the background traffic does not block the outgoing traffic flow. However, it can be a problem if there are traffic jams on the exit roads. It is possible to study the influence of the background traffic by injecting traffic flows with varying densities. Those external factors do not belong to city management functions, so they are not included in this work. It is a reminder that it is better to clear the main exits during the evacuation.
Conclusions.
In this paper, we provide a traffic simulation pipeline to study the urban area evacuation problem. With this pipeline, we are able to estimate the evacuation time, to identify the bottlenecks, and further to test existing and proposed evacuation traffic management policies and their robustness. Two case studies are presented using the pipeline. The contraflow method-based new evacuation policy significantly outperforms the normal traffic management policies. The temporal concentration of the demands influences the evacuation. In general, if the demands have higher concentration, the evacuation is faster. But if the network is saturated, increasing the demand concentration does not change the evacuation efficiency. In the saturated case, decreasing the portion of the population being evacuated alleviates the traffic jam. However, it does not help if the network is not saturated. The microscopic traffic simulation platform provides an opportunity to examine many details of the evacuation procedure, such as maps, routing algorithms, demands, and traffic management policies. We will publish the code and associated files, and hope other researchers and city managers can benefit from it for their further studies and city emergency preparedness.
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